The modulation of surface waves by larger-scale flows is central to many forms of remote imaging of the sea surface yet is an incompletely understood process. An excellent example is the modulation of short waves by long ones (e.g., by swell). Observed modulations are of the order of 10 times the long-wave steepness, decrease with both the long-wave frequency and windspeed, and have stable phase, with maximum short-wave amplitudes just forward of the long-wave crests. Assuming a balance between propagation, growth, and drift-enhanced dissipation, the short-wave modulations arise owing to (1) direct straining by the long-wave orbital motion, (2) straining of the wind drift layer (modulating the dissipation rate), (3) variations of the apparent gravity in the short-wave frame, and (4) induced variations of the applied wind stress (affecting both the short-wave growth and the drift-enhanced dissipation). As modeled here, only the last (stress variation) can reproduce the observed wind speed and frequency dependence. In addition, the drift layer and the short waves are closely matched, suggesting direct coupling. The implied fractional modulation of stress is of the order of 20 times the long-wave steepness.
1981, 1982]
; however, nonlinear shading by the short-wave roughness itself may confuse the estimates of long-wave slope and phase. In contrast, measurements by a wire or laser slope meter (for example) are smeared over a large band of wavelengths, owing especially to the substantial orbital velocities of the larger waves. Here, the case of short waves modulated by longer ones is used to study some implications of a model based on a local balance between the advection, growth, and dissipation of such short waves; in view of the above considerations, the results will be compared primarily with the radar measurements.
To translate observations into quantitative information about the large-scale flow, appeals have been made to relaxation of the short waves toward an equilibrium level, versus the tendency of perturbing currents (or winds) to drive them off equilibrium [Keller and Wri#ht, 1975 ; Valenzuela and Wri•7ht, 1979; Alpers and Hemmin•7s, 1984, etc.]. A tidy summary of our present understanding of this equilibrium, including generation, dissipation, and wave-wave interactions, is given by Phillips [1984] (see also ). In the relaxation approach, discussion of the physics of short-wave generation and dissipation is (quite intentionally) avoided. The intention here is not to replace the relaxation concept but simply to see what may be learned by applying a set of plausible, physically based assumptions. eration and dissipation (cf. Garrett and Smith, 1976] , is used to trace the evolution of a short-wave "spectral band" or "packet," propagating over long gravity waves. This analysis presumes that the long and short waves are sufficiently different in scale to apply the "slowly varying hypothesis" (i.e., the Wentzel-Kramers-Brillouin or WKB assumption). For simplicity, a monochromatic long wave is considered, and ultimately only the first-order results (in long-wave steepness) are pursued for comparison with experiment. The focus here is on the local hydrodynamics of the short-wave modulations; in particular, nonlinear transfer of energy to or from other spectral components is neglected in comparison to the direct generation, dissipation, and advection (straining) of the short waves. This "local balance" hypothesis is inspired by the rather strong generation of waves near the minimum phase speed (say, 1-10 cm long), as demonstrated by Larson and Wright [1975] and Plant and Wright [1977] .
The details of short-wave growth and dissipation in the presence of long waves are buried in the strongly nonlinear, coupled shear flow between the air and sea [e.g., Valenzuela, 1976] . Worse, the variation in surface roughness introduced by the short waves is itself of primary importance there [e.g., Gent and Taylor, 1976; Townsend, 1980; Landahl et al., 1981] . However, theoretical analyses of this problem more or less agree that the applied shearstress is greatest somewhere near the long-wave crests. Since the long waves are rapidly overtaking the short ones, maximal short-wave growth at longwave crests would, by itself, lead to short-wave maxima toward the rear face of the longer peaks, contrary to observation; by the same reasoning, maximal dissipation near longwave crests would tend to move the short-wave maxima forward.
Estimation of a short-wave dissipation rate is achieved by combining (1) a "narrow-band" theory for breaking waves, yielding a fraction of energy dissipated per wave cycle [Longuet-Higgins, 1 59a] and (2) a maximum steepness criterion including th• effects of "wind drift" [Phillips and Banner, 1974] and partial advection of the short waves [cf. Stewart and Joy, 1974; Plant and Wright, 1980] . To this end, evolution of the wind drift is reviewed [cf. Phillips, 1977 ; Longuet-Higgins, 1969b], and a "turbulent readjustment" is modeled via relaxation. The effects of a varying tangential wind stress on the drift (and hence on short-wave dissipation) are modeled separately.
Finally, to compare the results to radar requires consideration of "spectral shifting terms", i.e., variations in backscatter intensity due to (1) changes in the intrinsic wave number due to straining, ak packet, and (2) changes in the detected wave number due to surface tilting by the long waves, Ak •r•gg. These "corrections" depend critically on the spectral form F(k), which may be ill known, especially for short waves near the "viscous cutoff." While an attempt is made to accommodate the first of these corrections (i.e., to describe the apparent variations in amplitude at a fixed wave number), the second is not pursued (there are also corrections for the variation in range and in sensitivity versus tilt, etc. [see . The variations in wave number due to long-wave straining induce variations in measured amplitude via both the spectral slope and dynamics: As the energy in an adjacent spectral band is brought into "view" by the changing wave number, the energy itself changes so as to conserve the action of the component waves. In view of this, it is convenient to evaluate this "Boltzman transport" term via an action spectrum.
The model results are fairly sensitive to two aspects of the wind drift. Comparison of model and observed short-wave spectra indicates the drift layer to have a roughness length scale which increases with increasing wind. Comparison of model and observed short-wave modulations supports this and also indicates that the time scale of drift evolution must be comparable to that of the short waves. 
SHORT-WAVE EQUATIONS
Moving with the "advection velocity" U of the water below the short waves, the dispersion relation between short-wave "intrinsic frequency" co and wave number k is modified by accelerations due to the long waves: co = (g'K + Tk3) 1/2
(1) where T is the kinematic surface tension (about 72 cm3/s 2 for clean seawater near 15øC) and g'= Ig q-OtUI is an effective gravity (here, Dt is the material derivative, (rt/rtt + U-V)). All but the vertical component of acceleration, 2 --DteZ (where Z is the mean surface displacement, averaged over the shortwave phase), will be neglected, and even this is unimportant except in determination of intrinsic frequency (and hence phase speed). Surface tension T may also be modulated (e.g. The short-wave "intrinsic energy" E is evaluated in this frame:
where p is the water density, • is the short-wave-induced surface displacement (from Z), the angle brackets (( )) denote averaging over short-wave phase only, and s = ak (where a is amplitude) is a measure of short-wave steepness. Variations in the short-wave energy are traced by conservation of action [Bretherton and Garrett, 1969] , defined as the ratio of intrinsic energy to frequency: =
Here, the action equation is modified to include growth G and dissipation D:
where c g• is the short-wave group velocity. The nonconservative terms G and D appear here multiplied by A to emphasize at least proportionality to A and also to simplify the form of the solution; in particular, the dissipation D is expected to have additional, stronger A dependence. An effect of including G and D is that no singularities occur: For example, when the net action-flux converges toward a turning point, the input of action due to the convergence can always be accounted for by an excess of dissipation over growth. Direct forcing by random pressure fluctuations and action transfer from other scales are both neglected in the above equation in comparison to the direct forcing by D and G. The advection velocity U • is no greater than a few percent of the windspeed, while the long-wave phase speeds may reasonably be taken as being comparable to the windspeed; thus the analysis is restricted to the case Ua/C r << 1. Also, considering short waves to the gravity side of C rain, the assumption K << k (where K is the long-wave number) implies c gs << C t'.
Although U a and c g• are therefore safely ignored here, their effect on dissipation via q may be important.
To simplify presentation, envision a monochromatic long wave, propagating in the q-x direction, and shift to a reference frame moving with the long-wave phase speed, C •' (the longwave "steady frame"). In this frame the long-wave-induced forcing becomes a function of x only, and so the resulting "short-wave-averaged" quantities (A, k, etc.) are also functions of x only. Applying the last two approximations, 
where the magnitude of t x could be anything from 0 to 20 or so. For simplicity, the analysis is carried through for t• all real (i.e., maximum stress at the long-wave crests); extension to complex values is trivial. Some recent measurements of velocity near the moving sea surface (between 30 and 274 cm above the free surface) indicate relatively little variation in windspeed with long-wave phase [Hsiao and Shemdin, 1983] . This is especially surprising, since it runs counter to both the results of theoretical calculations (e.g., those mentioned above) and to the extensive lore of sailors of small craft on the ocean. Hsiao and Shemdin [1983] continue with the speculation that this also implies little variation in stress. However, models of wind flow over a wavy surface with constant stress at the surface display substantial velocity variations. A simple momentum-based argument applied within the boundary layer therefore implies in order to reduce the velocity fluctuations there must be substantial variations in the stress applied at the surface. In the absence of any direct measurements of stress variation with long-wave phase it is regarded here as essentially a free parameter of the 
SURFACE DRIFT EVOLUTION
In the short-wave action balance, both U D and c os were neglected in comparison to C". In the dissipation term, however, U D appears in relation to c and so need not be small; in fact, as noted above, the surface drift under a 10 m/s wind is roughly equal to the minimum phase speed. A complete description of the time-dependent evolution of the surface drift layer would be an ambitious undertaking; in the following section, an approximate drift model is developed to estimate the effects on short-wave dissipation. long. In contrast, for waves around 2 cm long (near c mi" and also primary scatterers for some radars) the advection would amount to roughly half the surface drift. Ergo, this too should be considered. Finally, the wind stress experienced at the surface will, in general, vary with long-wave phase, which will produce additional variations in the actual and effective drift. Modeling of the time-dependent drift evolution with longwave-induced modulations is suggested as a potential avenue of research. For example, work on the modification of the turbulent bottom boundary layer due to wave motion could be used as a starting point [e.g., Trowbridge and Madsen, 1984, and references therein]; however, short-wave dissipation (not relevant at the bottom) almost certainly influences the drift. Here, some credibility will be traded for tractability. For example, relaxation is used to model readjustment. Also, in deriving ( 8A t' 8k,, 8A
The action spectrum is used to evaluate this "Boltzmann transport," since these wave number changes are dynamically induced, and action is conserved as the short-wave number changes.
Spectral Comparison
The zero-order balance implied by the above model is now compared to observations of high wave number slopes to see whether the spectral slope (and hence transport) may also be predicted from this model. Although in reality the waves are imbedded in a continuous spectrum, the model developed would produce a corresponding peak in the slope spectrum; yet, no such peak is reliably observed. In the dissipation model posed above, the limiting steepness is not uniform; it depends on the ratio of effective surface drift to phase speed. Thus this steepness criterion has a roughly corresponding minimum near the most strongly generated waves. The two effects can virtually cancel over a broad range of wave numbers, yielding model "spectra" b(k) which are nearly flat (see Figure 5) As the model wind speed is increased, the differences due to the different profiles become more pronounced. For the viscous model, the exponential profile can match the effect of the log layer, using a reduced depth scale d o of 82% of the value given by (46) (see Figure 6 ). In this "viscous case" the purely logarithmic approximation performs relatively poorly, over- Clearly, it is unlikely that a physically based model would have produced accurate predictions beforehand; there are simply too many ill-known factors. Instead, the observations are used as a guide by which to select from these factors those most likely to be important. Consider also the turbulent nature of the drift layer. The critical slope (for example) should be regarded as random, and the dissipation rate should therefore take into account distributions of both wave slopes and critical slopes. In fact, coupling of the short waves and drift layer could be included by considering a joint distribution of wave-and critical-slopes.
Note that the coevolution of the short waves and drift is an inherently nonlinear process, so that (for example) the whole spectrum of waves should be considered at once. Possibly (given the strong input to waves near cain), only a relatively small band of short waves is important to the drift evolution. This might help account for the apparent "tuning" referred to above.
The possibility of other sources for short-wave action should not be neglected. Recently, I observed the sea surface under 10-to 15-m/s winds from aboard the R/V FLIP. I noted that relatively small scale whitecaps or "spills" frequently occur, directed mostly downwind but with some directional distribution (within about 20 ø to 30 ø off the wind). These spills occur more frequently near the dominant wave crests (commonly a bit ahead), but occasionally occur between crests as well. The effect of these small spills appears similar to that of dragging small objects along the surface, producing miniature "wakes" of short, centimeter-scale waves; thus in addition to removing energy from midscale waves, they can act as a source of very short waves, creating them preferentially near long-wave crests. This may contribute to the variations in the short-wave generation required to match the data, subsumed into t x in the foregoing.
The results of the above model should encourage further work. A suggestion is to regard the short "scatterers" as probes of the drift current. Since different wavelengths probe to different depths, an attractive possibility would be to "step" 
